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During /JI and W41L the possibility of a shortage 
ef steel nliate caused the U.3. Government tO: COMau2ct fer: 
shivs made from reinforced concrete (1). These ships vere 
Semerelly Satisiactory for thelr purvose but vere considered 
to be only tempro2zry in nature because of the limited 
mechanical vroverties of the reinforced concrete when 
eompared to the requirements for sturay long lasting marine 
Genstruction. Work originally verformed by the Italian 
Architect P.L.- Yervi and exvanded by numsrous investigators 
in the pest tvo decades indicates that the structural reca- 
urimen's of marine constriction can be appro2ched in Port- 
land cement concrete by the use of closely spaced wire mesh 
and/or chopned wire fiber 9s reinforcement. This material 
is commonlr c2lled "fer-o-cement” and its use in marine 
construction hes been increasing as evidenced by the number 
of boat builders from Enslaind to Communist China which are 
involved in constructing marine barzes, trawlers and house- 
boats from the mrterial. Ferro-cement has particular avplic- 
ation in countries where steel is scarce and Tabor is an 
exeess corvodi ey 

The inportant mechanienl vroperties reguired of a material 
hor Meriwe const ruckion 2zre: 

1) High tensile, compressive aad shaper strength. 

2) Hieh fricture toushness and innact resistence. 
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Bye Boy dowsi ty. 

A) Good fatigue and lov creep charecteristics. 

5) High modulus of elasticity. 

6) Deterministic and predictable mechanical propertics. 
The economic and durable properties required of marine 
structur2l materials are: 

ID mamhonmicos t. 

fp =asy to fabricate ana fandle. 

Bp) Basy tommenair. 

4) Low maintenance reaquirenent. 

5) High resistance to corrosion, abrasion and attack 

from the marine environment . 

6) Waterproof. 

Yee “Den fire resistance. 

BpeecemctiAcksmneal. 

Ferro-cenert possesses most of the above economic and 
durzble vroperties. In adcition, some of these proverties 
e2an be altered in the moterial by the use of additives, 
especially in the areas of fire resistance, cosmetic apnea) 
and resistence to atteck from murine environment. 

Plain rortland cement concrete is werk in the above 
mechanical proverties pna this represents the primary 
Limitation On Luis use in We@weine construction,  Howawewes tic 
addition of closely spaced vire reinforcement in the forn 
of mesh) or Tiber Cay incregec the abovemipe site preerac. 
to: allow ke Levels for nh rine convo MWetwon. 
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Bemuetcai (9) GO) nas shven how this increases the modubus 
ef rupture ot, Porthand cement concrete. This has bern 
Pinenemiietedeby omer inwesticgotorse(6)1G3) (15)G25). 
Biexenny (27), Collins (26) and Mandel (11) have shown 
that tensige strensth of concrete is increased by closely 
spaced steel reinforcement. Bai bey Sig2) and@eonda aie) 
have shown that steel fibrous reinforcement enhances the 
fatizue cheracteristics of Portland cement concrete. 
Romueldi (17) has also shomm that steel fibrous reinforcenent 
increeses the fracture touszhness and resistance to impulsive 
loz ding of Portl:nd cement concrete. This his been sub- 
stantiated by /illiamson (14) (19). Investigators have 
moma teat mesh meiniorcement does notvanpearstowalisber th 
compressive strenzth of Portland cement concrete (25) but 
feorous reinforcement improves it somewhat Er a cee 
These results depend on the method of loadings but it is 
OevVi0us thet the more rancom nature of the fibrous reinforce- 
Bent ~ould provide 2 Sreator stifiness in 21h direttions 
(22) and thus delay compressive failure of the concrete. 
aerecent sulmary of the efineering properties foumamby 
Waerious investigators for wesh 4nd fibrous reinforced 
ferro-cement is contrined in reference (28) by the author. 
True tro-ph2se behrvior of the mrterial has been found 
in most exverinentel vork. It would avperr from the above 
reseerch (1) t terro—coen) can Phe 2 acceptance ern 
tOYremeriyic Cantscriclion.  fFror U1c Mmecticlil sige. toe 
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Peesent level of boat oUMlCime activity using the meterizl 
amd woe Nimber of successful boots NOUNS togeara deere 
widesoread future use for marine a»plicatircn. the full 
Canvzvimiuvemor the m=ter@al h:s not been utilizgdad@ as 
evrdenccoo =e, Sone of the startlin? Sesults obtained by 
Commits 425) and Romwald® (17). Balaneinstnits, there is 


ailso a relatively vide sc2ittering o 


en@inecrins vronerties (28). Regar 
Wens;=Lerro-cement is bein> “sed in 


ance some form of avvoroximaite design 


aid the mirine engineer. An esnreci 


bending of plates since most of the 


~ 


te 


available deals with the bending of 


experimental tests for determining 


2rdless or 


f data rezarcding the 


these 17171 tat 


marine construction 
tecnnicnue is recuired to 
ell® week area 15 S76 


exnemiment-1 dava 
Beams of stone cd 


the materiel vrorerties. 


pines a major portion of marine structures consist of vlate 
Coustruction a plete design techniaue for this mate-i1al 
With exverimental verificztion woild be particularly useful. 


This is the rurpose of this thesis. 
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A, _Hechenism of Fracture in an Elesto-Plastic heterisl 





Failure of a material under tensile loiding normally 
eceurs tamaach propagation of 2a crack throweh the naterial 
normal to the axis of loading, A nechanism exphiznins this 
benewior Wes been advanced by Griffith (359) using @n 
enersy balance concent. Griffith postul<ted that the change 
mimes! ener=/ occUrine as the result of a crack massing 
MAYOUEN a materi). is: 


Ail =AT -AU (1) 


where: AW = Chanze in total energy of meterial 


A? = Change in surface energy 
AU = Chenge in elastic strain energy 


Griffith czleulated the decrease in strain energy due to 


formation of a line crack of length 20 and of unit thickness 
to be: 
e 2 2 
Sei Ce Gey) ; ’ 
AU = ae ee plain stpain (2a) 
wet co? 
Y ee ae plane stress (2b) 


He c2lculrted the resulting increase in surface energy 


Wer Unls twlickness aes: 


1 = @ iF (3) 


where O = syecific surface enersty reauived for for- 
mation of a unit aren of suitietec, 


iy 


[_ ee 





Griffith's hypothesis wes that the crack would begin to 


propagate unstably if: 


d (AW) 
de 


oe 


(e.g. when the rote of change of incremental strain and 
surface energy chinzes vere.eaqual). This results in the 


Cr? perion: 
2 
iG 
E 


28= 
(4) 
Irwin (4) hes indicrted thet a modification to the 
Griffith theory should be made to allow for plastic work 
im aemateri~k prior to fracture. This modification would 


take the form: 


2 
2(8+W>) = 1 Dlane stress (5a) 


7 co*(1- w2) 
218+ Wp) = a plene strain (5b) 


Irwin has also develoved 2 theory of rupture by 
Bonsidering the stress field in the immediate vicinity 
Of the cnack tin. His theory mades use of analytical 
stress functions to describe the stress field ahead of 
the chack anc a stress intensity fector (KX) to indvegte 


the stress at the tiv of the crack. The decresse in 


Strain cners;y of the miterial due to fermavwon of 8 ani 


7 _ 4 ’ — te 
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Grace Mencu is rel ttved to tne stress intensity factor 


(KX) by: 


2 
dau) a an (6) 


rly 


C6nverison of this eouation to the “riffith criterion shovs 


that: 


Irwin defines the strain enerzy release rate as: 


a  K* ae G = we (8) 
‘a E az 


when the creck becomes unstable, the strain enersy release 
reve (Go) "st tis point is destieneted the critical Strain 
enersy release rate (G,). Irwin suggests that this is a 


proverty of the material. 


ture In Ferro-Cement 





aS developved above it can be seen thit a material 
may Ye made more resistant to fracture by decressing the 
Strsiin enersy release rate below the critic2l value: 

G< G& 

This can be accomplished by: 

a) iInereasine the modulus of elasticity (fF). 

b) Reducins the ranvlicd stress (&). 

c) Reducins the flaw or crack size. 
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Unfortinately increasins: the modulus of elasticity above 
Geteeimm neem limits is not normadly possible in un- 
reinforced Portlind cement concrete. Reduction of the 
applies stress defeats the goal of efficient use of 
material. Reduction of flaw size 73 sonetimes difficult 
under present pnroduction methods and is bounded by the 

be vumally oecurmnz Llaws im concrete@aich are on the 
ordaer of the critic2l flaw size for tensile stress of 
200-400 nsi. Some success has been obtsined by Moavenz2den 
Cet al) (24) in increasing the tensile strength of cement 
momter by w@ddition of strome sind 2nd other asaresate 
causing crzcks to detour thus increasing the crack path, 
Substantial side crackins occurs along the main creck 

thus incre2zsing the crack lenzth 2nd adding to the 

surface enerzy. This enhances the material toughness and 
increizses of uy to 104 in tensile strength can be obtained 
in Cac, manner. 

Hovever, fracture touzhness and tensile strensth of 
the material can 2lso be enhanced if some mechanism conld 
be found vhich zould reduce the stress 2t the flaw tin, 
thereby reducing the stress intensity fccetot (K) belo thit 
which causes the criticel strtin enerty relense rite. 

The use of closely svaced discontinuous or contimious 
Wire reinlorcewe tt come 21d in reducing Ure shress cone 1 
tretiow.2t tie crack tin. torguldi and OWhers (9) eGo) 4-1 
(17) (13) have done mach vor: in tis oreg, The Wegeic 
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Crac™ Traversing Fiber HNeintarerd Metrix 


Rierure J 
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Mechienasaepesctulated by Romualdi is thit of a line crack 
imamcrsan=t throueh a material (fies. (1)) being stonned 

by the "pinching" action of the shear bond bet veen 

Gheewire reinfercement and the mortar. Thesstress (strain) 
ahead of the crack 1s greater than she averege stress 
Getrain)’ im the material and reinforcement. Thus, assuming 
a shezr bond exists between mortar and wire, the reouirement 
for continuity between mortar and wire at the bond inter- 
face will cause the wire to assume much of the stress or 
essentially cause a "pinching off" of the crack. This 
ection recuces the stress intensity factor (X) or strain 
energy release rite (G) below the criticel1 value (Ge) 
required for unstable prov2zation of the crack. 

The effect of wire reinforcement contin even when 
the ecrsck has pissed by the wire. As the shear bond is 
overcome, irrecoverable work is done either "strisping’ 

Om the vixre out of the mortur or, if the shear bond is 

stronger, necking and ductile fracture of the wire. Thus, 
by this mechanism not only can the strvin energy relkeezse 
rate (G) be reduced below the critical value (Ge) due 

LO reeuclmem of stress 2b tie -craciawuine DU aleve om 

of brittle fracture in the matcriel occurs becrused of tire 
lomalevOi “Fire “Suripwieee and/or ductile fagetiee 

Romueldi h-s vostulated the folloianes fornml3a for 
the critics] strtin enere’ relense rate b@sed on Me Werk 
required to initi.ite suri lping of th@ wire from the hoi. 


ahy; 


(discontinuous vire reinforcement) 


Gare Gel Ee 6 (9) 


Cc he Ww © 


were O& = she=r »%ond strength 
PS rivro vot creck Midth steelensth at = Fyemmooint 
averaze wire spacing 


- length of wire 


Er © & 
Lt) 


= dianeter of wire 
He further derived from statisticil considerations 
a tommule for the average wire spicing: 
ee tora (10) 
ie 
where Vy = volume percent of reinforcement. 

Roneuldi"’s exocriments as wellwas others (28) howe 
Shotn that the fracture toughness is a very strong=function 
Of ware svWein=s which would tend to bear out his fommulation 
of (Gc). Hovever, much work remains to be done in the a2re2 


of the bond Strength and its affeet on (G,). 


Cc, Bendin® of _Pisates 

As polmted out vreviously ferro-cemoent uniidse Gomceretes 
possesses the canability for vlastic as well as elastic 
behavior by merns of the bond between the reinforcing 
Natverial and Ae mortar. 

Any desien teclinioue would necesgerily copsig@em vou 


Pheses of this behivior. Because of the orthotronic rire 
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ef the material it is also natural to consider numericzl 
technigues for use as an accurate design method. dheng 
(29) hes develoved a finite element comouter vrogran for 
the elasto-plastic anslysis of orthotropic plates and 
eirelis. tIkis program will be used aith input of experi- 
mentally obt@aned orthotropic mroverties, to determine its 
feasibility as a design method for elasto-plastic plate 
bending of ferro-cement. The computer outvut will be 
@ompared with experiment32l results of three basic forms 
of the matericl: 
series A: Continuous wire mesh reinforcement, where it 
is expected that the x and y axes are symmetrical and 
Varie2tion of properties occurs in the direction 45 
Gegrees to these axes. The aprro2ch will 


' 
) 


consider the input of eauivalent composite 
DrOpervies. 

peries “Ba Combination of continuous wire mesh and shore 
random fiber reinforecment. 

[ ONOrt Memadon fiver reinforce ema t , seems 10 1s 
expected thit the material is isotropic in the 
x y vleme Dut orthotropic in Une xg 2 
planes. The appronzch will consider input of 


Composite proneriues. 





1. Orthotronic Constitutive Aelations 


Ferro-cement ic bosicelly orthotrovice in natu wich 


dee, 
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considered in the grometry of plates. #ith mesh reinforced 
ferro~cement, the layers of mesh ere orthotropic in their 
plane thereby creating a three dimensional orthotropic 
mesmeriakn., with fibrous reinforced ferro-eenmt, thesnandom 
nature of she fibers causes the material to 2pproach the 
LeemenopDise condition in the plane of the plawke butmmenean 
oaLhocuroplc: nozmal to the plane of the phove. 

Jayme andsuddanmbh (31) give the constitutive (Hoole) 
melationsii0s in matrix form for 5-dimensionel ortaotrovic 
materizls. These relations imvly thet the specific 
iireeiVonet veenerties of the material must be knorm in order 
to formulate a design method for such e material. The 


parecemoilmenswons) orthotropic constitutive relationssare: 


v., ve, te E> —- Vy;3 oe O O O Tu 
S22 ee Je, ~“?%—, 9 0 id O22 
. (11) 
33 = a3 V/ — Vary, pe O O O 33 
Thee 7 O O oO /e,, © O oe 
a3 O O 0 0 Le; © me 
| 
| ia | Oo O O O O ae Si2. 
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BG saovuld be noted that these constitutive rel=tions 
Sopiy to 2uepeci fic m2terial. Ines vonle 2 comDination 
Of two Meteriazis, steel and cerent mortzr, is under 
consicer2tion. The hvnothesis is that the conbination 
of these m teri2zls results in a new meteria2l which has 
peopertiles tnat follow the theory of fiberous composi bes 
Ms As such the material can be treated using the above 
GonsStitucive relathons in arriving rat a plate Demcing theory 
and composite proverties mey be used as innut to this 
theory. 

2. iieomic There Sami ns 
The basic differentiil eonilibrium eousation for pure 


Dendings Gi Dileates is: 


ys 





4 ae 4 
Sea 4, dw . oe. ES ae 
d x* Ox’ dy’ dyt D 
where: w = displacement normel to nlane of plute 
G@ = Joadings/unit anea 
DiSPilexirzlvmigidity of vlate 


Timosicnko (32) has develoved the theory for elastic 
bending of plates znd shells of homogeneous isotropic 
materiol where: (13) 


ee ER 
initio 





For the Zenerezl cisesof bendimg of sitmly sare ricd 
rectangulor pl-otes uncer a uniform loné(a), Timoshenko 


ol 


obtained the solution: 
mre nw y (14) 
> > 4 m2 n2.2 


where: la —- oda 








n- odd 
a end b are dimensions of plate sides 


ifjeemees been sxccielized for partial loa 


= 
VQ 
ty 
O 
ys 
at 
= 


Sasemoim™ a con staq loid (P) at the ceniwer of @ samecc 


Nels 
Plate (fis. 2) as: 





ed 
HPS sm "2" ( tanh ME mM gay EX (15) 
2D 1 m 3 cost EE 
=o m= L 


end the maximum deflection reduces to: 


«x Pa’ (16) 
E. h3 


WwW 
y=9 
EC 
mecre: 6 = solution to the infinite series for x 8.272 
The displacement alons the y axis is found by interch2nsc- 
moe Gi y in tie above express. on, 
The bending moments rlonz the x and y 4x15 c#n he 


mound from the curvitures usin]e the b7si1c rel tome 


Ze 





Sci iwee 2 


tae 
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vcs 
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W aw 
TO = — ( é —v ) 
x D dx? dy* Cale) 
2 2 
Any, gw | 
= a 
M, D ( dy’ dx? 
eme toe stresses can be found from the basic flexmr>l] 
relations: 
oe Ox” oR SGM y. (18) 


~ he i 


The bending moments and stress in the vicinity of a 
concentrated load (fig.2) sre not satisfactory if caleul- 
ated using the above ecuation. They must be found usins 
superoosition of moments from bendins of a centrally loaded 
mectenculir plate and bending of a centrally loaded cireular 
plate of radius 22 sin US 

Tr 3 
Phe solution for the monent alonz the x axis of the 
Beciametlar plate 1s: 
Pie = eg sin Za = 
‘ 


Sects —s - 


o4 





where: r= Vy? + (x= 0)? 
Bi 


numerical factor depending on ratio of sides 

Gr Dlave. 

mae solv.ion ior the moments near the center of a centrally 
Headed cimeular plate is: 


zi 
M, = ag ity) Loq = + (l-v) = a (20) 


4107 ~ 


Moeciueanc Cie Circular plate is of radius £2 SIN TA , then 
near the center of the nizte the tro solutions rnre identical 
execnt Ber thesimiform bending term Se . tnewsolaiion 
hor themion it Gtmerne center of 2 circle o: radius (C2) 

where P is now uniformly distributed over an area of Pradius 


Ce) is: 


P 
M =F ((ur)beg & ee 1) (21) 


Sunernosing the constant additional moment of fe 
mom cic recpan=viar plave the -exurescion Lor tre 


Moment at the center of the rectanesniar plate becomes: 


ee (i. ea EE a %. P 22) 
oa pe J we v4) , Fl 


The stresscs mry be found ss befor@ arom the ebesic Tike al 


rele pons. 





Som for anisotropic materials in plane stress such 
eee bending of berro-cement pilates the basic differential 
eoulliorium equ2tion becomes: 


4 


OW +2(D +2) ) oy ay vw = day 
i ny ox dy y dy* aa 
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Fxact solutions have been obtrined by Timoshenko for the 
ease of a uniformly loaded plate and by Huber (33) for 
concentrated loads in the elastic range. Hovwever, since 
the purvose of this piper is to investignrte also the» piastic 
behavior of the materi2zl, numerical methods are better 
suited to cerry out the anilysis. 

The inclusion of menbrane stress in the elastic bending 


or plates 1s described b™ the folloving nonlinear dirieremu 1 


ecuetions: 
2 2 Ra 
ox" dx*dy" dy’ ae Ow: 
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where rf 


ieee Stress TUNECIiOn S11 eins tie elsementa! 
equilibrium ecuations for normal forces (i!) and is 


defined 28° 
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The general solution to the above eaustion is not 
Moi, utererore numerical techniques must be utilizes 
to find 7, * and subsecuently the norm:] forces, moments 
and stresses. 
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Prandtl-Reuss Plastic Flow Rule 

Hueure 53 shovs the stress strain curve for@em elasta 
plastic material. .t the onset of pivmastic yielding the 
relction between plastic strains and stresses can be 
@escribed by the follovwin® vlwstic tlovy rule: 

MerLeeculy Dlesttc Mm verini) 


dh 


Vositive constent 


Elie nel We 


P | ; 
dé w~ Incrementel Flastic (26) 
Stren 
Vt a Gr.dicnt of vViqle funetion 
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Deneim hegdening material 


~p _ 
p = iNGaie a) 
dé; = d> ot - : 
Tor dé = Incremental eouivalent 


Plastic Strain (27) 


GO «. Exuivalent stress 


BPmbpeCr=,1sesS i: 2eld Criterion 
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SLOTtLonal enersy concept of the weoular 
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Using the d 
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Huber-Mises yield criterion the yield function (f) can be 


expressed 2s: 


Of = 25 = (G- G+ (G-G) + (3-H) (28) 


The relation bet:reen the ecuivalent stress and incremental 
plastic str:in is the area beneath the plastic stress strain 


eumve or the plestic work wp. Thus: 


dw = a5 dé (29) 


Imcrenent2l Stress Strain Reletions for Isotropic Meterial 
Suostiewsion of the yield Swaetion GMei4nto the 

SEreoimonnreenin > Llowy rule resuls 1n Tie sie oc 

increncntal stress sir:in rel@tions for a strain irden— 


in? Teteriet sucn 1 Stcel. It we 2ibsco Mole “met: 


dW = 2a° db d >} 
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Then the form of the incremental plastic stress strain 
relations become: 
a L dé 
dep =[Y - 7(%4+%)| dé 
(ee c (31) 
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Incremental Stress Strain Relations for Orthotrovic Material 

By introducing parameters of anisotrony (Ciij) as 
eoefliicients of the various terms of the yield criterion, 
the anisotronvic »vlas’ic stress strain relations may be 


obteined through use of the flow rule «s before. Thus: 
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The Aij are material dependant 2nd may be obtained from 
mMencime CEStS 2nd she xr tests. 

If the analysis is reduced to plane stress condition 
which is ususlly assured in plate bending then the only 
Maem gero Avy] are Aji, 32, A22, A44 since an = > os =e 
a8 then assured. These Aij can then be obtained through 
53 tensile ana one shear test. 


The initial values of these parameters are: 


Gviewo 
Ay= 2(Ses2— 
Ox yiceo 
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A = 7 aiaiacre 
7 ag | (33) 
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For ¢ strain hardening miterial these parameters vill 
chanze as TW , J yield, @ yield vary. 

As hes been previously indicuted in order to solve 
the plastic behavior of plite bending numerical methods 
are required. There sre to basic methods for incremental 
elasto~plestic analysis. In the case of simple tension 
they are described 3s: 

GO len gielsStvltiness tnere the oredictcd cua en 
Ai for piven AP/A is found by usine the elastic =zodullus 

2 


Peput Varying the ingvial load APs/A to 2poroach Dame 


foreement etn the Stress strain curve (noinu 5 Fue. so, 


AP (sr AU (34) 
A a5 A =E L 


(2) Tangent stiffness where the tangent modulus Et 
1s found ane improved upon at eich iteration to ywedd the 
Strain AU/L that wild nsreé with the stress strkin curve 


for 2 Biven lo*dine AY/si\. 








Incremental Elisto-Pa S*ic aAnalvsis evhod: Sigmic Poision 


rigure 4 





dhang (29) has used these two methods in constructing 
PeTinitesenement iterevive teenmiaque which solves for 
the stresses, striins, moments 2nd disvlxcement of the 
phate surface. The output of the vrogram using the initial 


Siviiness awpro2ch, vill be comnare@ #o exveriment2l results. 





h Plete Sending 

Three sets of ferro-cenent vlate specimens were 
mested incorporating continwis wire mesh reinforcement 
(series 4), discontinuous short random fiber reinforcenent 
Csleries 0), and a combimation of these in ecual pvrovortions 
(series B), Tsble I shows the snecifications for ezch 


set of plates. All pistes were saqutre, 19" on an edze 


aaa .omes .05° thick, The method of l=¥ uv was theesane 


O 
cr 


foe pibetes. Lhe fibers were acded & 
it was being wet mixed in the mixer. The mesh reinforce- 
ment was laid into the form after a thin l2yer of nortar 
hed been visaced. Then mortsr vas placed upon the isesh. 
All specimens vere vibrated in the molds 15-30 seconds. 
Bight specimens were made with each betch of mortar. A 
total of sixteen snecimens of each plate tyne were made. 


£ 4 ~ eal 
formics beck-— 
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The forms for initial ley uv consisted 
beard and 1/2" wooden bowndry strives The forms were oiled 
Prior to erch use. All plote specimens vere cured under 
waver. 

The testin® program was cdesieied to cospamewiiece Ueed 
deflection curve of the center point of the v- rious plate 
types when lo:ided “ith @ concentritea Loga ateibe canmer. 
Lach plate wes sinply sunported on the edges by a rivzid 
Pipe fr-me@and lo-dad at tii c@iizer is sein in fapstme 5. 
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All plate svecimens vere cured for 109 


specimens were cured for 68 days. 
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and all cylineer 


The plates were lozded until uwltimite feilure of the wire 
or wire/mort2r bond oceurcd. The geMlection Of eorex 
points on the plate svrface was measured at the point 

of ultimate vendinz failure in order to obtain the relative 
curvature of the plate surface. The center point load 
deflection curve is comp2red with the results of the 


finite element numerical analysis in the following section, 


Bo meatemel vroventics 

For prediction of the plate bending behavior it is 
Mecessary to obtsin certrin proverties of the material 
to use 2s input to the computer anelysis. For this purpose 


*“ 


three of the nictes in each series were cut with 2a diamond 


hat 


tipped sav into 1" wide strips. These strivs were testéd 
in flexure, tension and shear on the Instron universal 
gesting mochine at 2 deflection rate of .05"/min, The 
Followins properties of each series were obtained in the 
x, y, and 45° directions: 

Tensile yield stress Yy 

Flexural yield stress gy 

Younss modulus b&b 

Plastic Modulus on 

Shear yield stress@y 
Poissons r-tio (Y¥) was assumed to be that of cement mortar 
reported in the literrture (v= 9.2). The she»vr modulus 
(G) was assumed to obcy the relsrtion: 
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Flexure Test Avpuretus 


Nigure 6 
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The flexure test was conducted on the Instron testing 
machine and employed 4 point bendinz of the specimens 2s 
Pow? In sicure 6. the flexural yield stress was 


calculated by: 


“7 


soe 


Yy = 


_& ty 
42r (37) 


where: a«= distance between outer and inner supvorts. 
1 ig 
| nee ue 


Py = lord at yield 


h specimen thickness 


b specimen width 
The yield voint was taken es the first marked deviation 
from linearity on the load deflection curve. (fisure 24) 


The Younzs's modulus was calculsted from the end deflction 


formula for 4 point bending: 


E = ae (38) 


where: I] CSc e eaten immer <n oie 
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MOLEC Ul Ole TMeNd COU weno one. 


The plastic modulus was enleulcted usins the se~ee Lomul. 
hit insertin? the when~“e in deflection for coy meena 
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i >> ane) a 





Buengze in lood atter yaagl@ uv to ultifmete stress. This 


Pad 


assumes constant monent of inertia (1) in the plestic 
megron wharch causes this to be an approximation at best. 
The tensile tests were also conductec using the 
Instron festine machine (fig.7). The test specimens were 
meapeared for the testing Machine grins by expoxy Gandime 
M@igsol-1C) 2" leneths of thin steel shim stoex (1/64" 


tiemekness) to the sample in the area of the sriv contact» 


Tensile yield stress was calculated by: 


~~ “es (39) 
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where the yield point is again teken as the first merked 
deviation from linearity on the lond strrin curve. The 
Young's modulus was obtained by using the strain output 


fron an extensiomcter attached to the svecimen (fisure 7): 


Ty 
a = i (40) 
Were: = extensiometer strain 
The vlastic modulus ws obtsined by usins inerenental 
Walues of stress and str«in =bove the yield poinv eons 
the line connecting the yield stress and ultim te stresses 
The shear tests were =lso conducted wSine tiga cron 
testing meaeliinc. The sheer senple was loreed ws shom 
Ane ticure 3. This forn of lomains cwSes seme caomiphes cine 
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Shear Test Apvaratus 
Figure 8 
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ax wotlemns TOnces) 16 epter the results. Sheer yield Stress 
wes celculated as: 


ig 
ty = Bi: (41) 


7 3) 


where: b= thicikncss of svecimen 


h height or specimen 

The yield voint in the above tests was easy to determine 

because in all esses there “as an abruvot chenge in the 

Elome of the logd deflection curve when the first siin 

Oacenenn 2nd MIiCrocee ens Of Maurix ecenl ca 
Compressive tests were performed on unreinforced ne 

merniorcead cement mortar cylinders to determine the 


VerieaulLon of compressive yield strenztn and the compress- 
ive Young's modulus for various volume fractions of short 
random fiber reinforcement. The compressive modulus for 
mesh reinforced mortar w2s not obtained. The effect of 
the mesh on mortar compressive strength his been found 

to be negligible (25) when locded in the vlane of the mesh 
reinforcement. The Young's modulus in compression anc ten- 
Sion were compared for the short r7>ndom tiber reinforcement 
The test w2s conducted nccording to 457 J-469-55 for 
geverminition of Youns’s modulus of conerete, ieceny boet 
smaller size evlinders (2" x 4") were used. The yiela 
pOInNt 32n tiese tests wis texen -t..702 obfse, Stigein baa 
roa, 


tae Younes modulus wis c.lculetcd om the Daas oO. aie 
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Mec-n Glope to this yrelc™porr.. 
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TV pAPhal Wee .y, RESULTS 
Gapie Il summarizes the sisnificant exnerinental 


S conteined in Appendix I. frigures 9 throwsh 21 


Place Dendinz d2-v2 for the various meveriel tyves. 

MEAT 1 t is emphasized thet these proverties are ecuivalent 
MropertLes which 2 0ply to the cehevior of the composite 
materi2zl. In Senera=l, the results indicate thet inclusion 
Of Short rancom fiber reinforcement in cement mortar: 


a) Increases the modulus of e] aSusiemie 


“) 


b) Increases the ultimete compressive stress. 
c) Increnses the vlestic werk under the 
stress stre2in curve. 
iiesinelusion of short random Tibers i702 correspeaa 
mae recucvulon in continuows 1ider convent in Moruer 
reinforced with continuous fibers enuaee: 
a) An incresse of the modulus of elasticity. 


b) <A decrease in ultimate tensile stress. 


Ly 


c) A decre2zse in tensile yielded stress. 


a) increase in imnact energzy/cree. 


abe 


An 
e) An increase in tne above properties on 


§ 


an 2xis 45° to x or y ase 
£) “Little wari2tion o° thc pisticerodulie: 
se) Little varieticumetl shear yiel@estrtes 
Plate bencine resnits incdiette th@t incinera of ua 
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short random fibers in lieu of continuous vire reinforce- 
ment causes: 
a) An increase in ultimate plate bending 
load. 
b) A decrease in {itimate plate membrane 
load after uvitimate bendins stress. 
¢) An increase in plastic work done in 


deforming the plate. 
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Re DEscuSsiO:i OF ReSsuULTS 


ie Weesemicl Pronerties jin », v Directians 
Be Hensile Strength 


It is expected from the tneory of fiberous comoosites 
@54) that the strength of the specimens Will be hiznily 
denendent upon the shear bond between fiber and matrix 
Semce mie Cement mortar matrix in this material doesenet 
@erorm plastically to anv annreciable extent. “Dhe theeri es 
wnich have been develoved for both continuous and discontin- 
mous fiber reinforced comnosites where the m2trix is 
See ole of plesctme flow, do mot zpply in the ease of tHegro— 
cement. However Kelly ond Davies (34) have advenced e theory 


fom determining the critical transrer length of a @discon- 


minuous fiper in a purely elestic matrix, based on the 


coefficient of friction betveen fiber and matrix: 
§. FG r (42) 
oa e | 


where: —S is. OL Taber 


=— "00> of mMegrix 


OF 
Ou 
K= Spacins betveen fibers 
d = Diancter of fiber 

Ros Lencth of fiber 

Ay = Coefficicnt of friction between fibcr and nmrtrix 
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ate tiberm Jenmgetcnos below lc the strength of the composite iss 
dependent unon the shear bond of the fiber matrix inter- 


face and can be fiven as: 


Tz =Ga(1-Y)e zak Vv (43) 


where: Ve= Volume fraction of fibers 

When P22 the strength of the composite is dependent 
upon the sheer strengcth of the matrix. This cen be cimen 
ase 


= V 
Feels Vp) a 


(44) 
Were: © = Uitirate sheer strength of matrix 
In the case of continuous fiber oriented in the 
direction of lozding in a nonstr2in-herdening el2stic 
Matrix the strength of the comvosite is given by: 
CS) 


there the second term may or m2y not exist depending on 
Whether “theematrix is caprble of carrving Semeust meses 

( Ta ) at the strain were the fiers reech thear 

UTS ( Ge ). In gost esses vita continuous tiber meri 
forced ferro-crnent trie second term is zero when the @€iters 
reach we : san? this internretetion of - the eno. secre ct 
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the ultimate tensile streneth of the mesh reinforced 


specimens (series A) should be on the order of: 


Oz = 42,300(.0475) = 2010 ps: (45) 


The experimental value is 1460 psi. This is lower than 
the ovredicted value because not all of the volume of 
Suecl 1S acting in the direction of lo=ding as assumad in 
the theoretical predition,. The theoretical velue of 
Methinave Sureéss CONSLOecTrinNS only wire Libers orienwed in 
the direction of load (2.37) is 1005 psi. This value is 
below that determined experimentally and indicates thit 
tie non orLented fibers convribute pertinlly to resisting 
oad. 

Theoretically the strensth cf the discontinuous 
fiber snvecimens (series C) must be less than thet of con- 
timuous fiber reinforced specimens (series 4} ($4). In 
the c2se of the specimens tested in this thesis tne lensth 
diameter ratio of the short ramdom fibers is less then the 
critical value (as shorn belo’) and thus the strength 
depends upon the shear bond strength. Assumin™ a nominal 
UTS of mort2zr to be 550 psi based on cornres@ion Strenm@e 
3G) then: 


Ve x 140,000 | 0090 (—— EON Zang (42) 


O16 


ds B(.02) SSO 
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where the value of -y his been taken from (35) end where: 


13.8d 
n= inva = Ol (10) 

(Vy) 
fnis high 4y, would cause random fibers to be very difficult 
to work with and it would probably be more adventaccous 
to use continuous mesh fibers. Clearly the Y, for fiber 
reintorced mortar in this p2ver is much less than the 
eritical fy : 
& = 47 < 790 
d 


However, based on this Y the strength of the comvosite, 
tere ti bers were oriented 1m the same di reeuiememaauc 
be on the orcer: 


Gq = 550(.9525) + 2(1.02)550 C15). om75 (45) 
10] 


=FZ0O ps) 


The exverinent2z1l value is 721 psi. The actuel strength 
of the mort2r could vary from thrt assumed and thus change 
this value. It is app2rent thot rendom oriventation ef 
the fibers hes reduced the strensth below that predicted 
for oricnted fibers. Nielson cond Shen (22) hove develoved 
uneoaretre=l reletions for the v¥rigtion of prepertres aa 
Fiber reinforced composites using parallel enc mMendomly 
oriented fibers. For the ease discuss hey emt Geral e@i2onrs 


~ 4 


(bascd on the volune frection of fibers (4.75) end the 


5 ad 





M510 Of the elastic madulus of the fiber and meatriz 


Bercriat (10)) predict that: 


Serandom ~ +795 % paratier = 73 PS! 


Which is owite close to the experitental value. 

ime Toculus of rupture in flexure follows the abowe 
mrena. Fliots of tensile and flexure results are shom 
in fisures 9 throush 12. thxamination of these results 
reveals that in all cases UTS is affected to a greater 
extent by the difference in reinforcement type while the 
yield stress decreases at a lesser rate with the shirt 


to discontinuous fiber reinforcement. 


2. Hodulus of FElesticity 

The modulus of elasticity increases with discontinuous 
fiber reinforcement. This is borne out in the cylinder 
compression tests and tension tests. The result is more 
apparent in the direct tension test thin in the flexure 
tension tests. Since the modulus is measured directly in 
the direct tension test this v2lue is to be preferred 
over that of the flexure specimens. The reduced flexure 
data is very denendent on the location of the neutral axis 
which was apyroximated in the test results as h/2. This 
eould vary Simnificantly denending, on the locaton of apy 
concentration of reinforcement. Yor this reason direct 
fFension test results ar@euseu cxclisively co5ia a toeiae 
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Because the matrix does not deform vlasticelly the 


stases of stress strzin behavior of the composite reduces 


‘GOs 


ty 


ation ‘ot fibem and maciamad 


Qs 


1) elestic 


> 
\ 


r3 


One 


OF 


2); elastic deformetion of fiber or pull out shecr 
5) Plastic defommition of fiber or pull ome stea 

For continuous fiber reinforced connosites the modulus 

her tmwe first stase is Siven by: 


16 
Ex, a EVs ati pe es ee 


and for the second and third st2ges: 


(47) 
where Lr can be either the elastic or vlastic modulus (for 
aan! oe —, a j 
steel: E= 30 x 10° , #=10x 10°). The above formulze 
| rc 
Beedict modululi 2s follows (using a modulus of 3.2 x 10° 


for the mortar) for parallel anc randomly oriented fibers 


Musing the Sector .795 from (22)): 


Steze _be: P2rallel Oriented 





1 4.46 £105 nsi 3.556 X 10° psi 
2 Les 4 ee 
3 2466 X 106 2355 X 106 


The modulus obteined in the tensile tests more closely 
agrees with state 1. The modulus obtained in the floxwpe 


sie, 





test agrees with staze 2, and the nlastic modulus found 
im beun tests essentially acreewnath stage 3. The stmess 
Surcin behavior for both continuous end discontinuovs fiber 
meinrorced composite is the same if the discontinuous fi dens 
are longer than the critical lensth (34). It hes been 
established that the random fibers of series B and © are 
Seercer tian the critical Length yet the elastic modulus 
determinec experiment?lly follows the continuous fiber 
relationship. ‘eries C tests agree more closely than the 
other series with the 2hbove vilues. It c2n be hypothesized 
tial earlier microcracking snd undetectable stress relics 
in the unreinvforced vortion of the series 4“ matrix causes 
an eariier transfer of load onto the continuous fibers 
thus presevting a slope somehwvere between stase 1 and 
stage 2 wnich looks linear on the load deflection vlot of 
mest results, 

The plastic modulus remnins fairly constant for all 
forms of reinforcement. The low vaiue for series A and B 


flexure tests is probibly due to a sudden shift in the 
neutral axis ind change in moment of inertia when the 
meintorcement assumes the long, «smetatcd segzlaeweiiis 


would cause the flexure formula, to yigld innecurzve yeeuiis. 


BL eeeeciols Proncr ties 15° 16 Gee eae 
It was expcetcd thet the propertics of m1l svecaigkens 
in the 45° direction to tWeox or WY gti ney ve aaweg 


with incre scd fiber canteat bec’ use of Pre Prendow orici- 
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ation of the fibers (22). Regarding the elastic modulus 
pmgmetroepae 450 Specimens (fig. 10, 12) folloe the results 

pie uiewcs  Soecimens, In the tensile specimens (fig, 10); 
inereased rendom fiber content 2nd reéuction of continuous 
reinforcenmt increases the elastic rodulus end decrenses 

the UTS, but the effect is less pronounceé than in the 
Meayespecianens, In the flexure specinens (fi5.12) the 

elastic moculus decrezses then increszses and the UTS decreases 
with increased random fiber content. The exnected result 


we - 


Sees occuriwith the yield strength and the plastic woaulus 


> 


Seer that Yield strensth in the tensile specimens 


decreases slishtly. 


C, Other Proverties 


ie Steer St nene to 


It) 


The shear strensth obteined from the bendi 


re 


of a 
clamped be2m is not 2 standsrd method of obteining this 
Quantity. Hdovev-r other tests such as the rotation between 
eylinder ends are not Leas ible when scu2zre mesh reinforcing 
38 used. the failure mode of the clamucd beam Fes definitely 
in shezr, therefore the values obtained zre used for 

purposes of the finite element onealvsis, These v-lues 
hovrever snould not be interpreted as accurate ve2lucs of 

shear stress for the material in general. fignte 15 shoms 
shear streneth deercasing as discotminuows fieeer conga 
increises ond continuous fiber content cecrersecs. This 


conld be expected since the tersile vield stress as @1so 
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less for these svecimens. However, substertis 


j--4 
rs 
— 
yy 
ti) 
ct 
jJ- 
© 
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shear work is done after yield in the s»ecizens reinforced 
with random discontinuous fibers. Once the yield point 

in shear is reached in the mesh reinforced specinens 2bruvt 
unlozding occurs, With the random fiber reinforced 
Specimens the unloading occurs gradually sfter 2 period 

@l @eemtinuec deformation at the yield shear load. hits 
result is also shov™m by cylinder compression tests. It is 
believed thit this is the mechanism which cruses the increased 
impact enersy of the random fiber spvecimens (also vlotted 
in figure 13) because the strein enersy to be overcone 

by impulsive loszding is greater. This strain enerzy was 


not measured since this was not the purnose of the pever. 


2. Imnect Enerzy 

Figure 13 shows the increased impect energy per unit 
area for increesed random discontinuous fiber content. 
fhese results were obtained in a standard Charpy test 
on a 260 ft-lb capacity Izod test machine. The vnotential 
energy and heisht of pendulum wis the same for 2ll tests. 
An increase of 1033 in impact enersy/unit 2rea was obtained. 
All samples had the s»me steel content by weight and volume. 
As mentioned vreviously the incressed strain energy woted 
in the shear and compressive cylinder tests aceeunte ior 
oe 


the incrensed impsct enerzy found in this test. 
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De eevinnmee: Cammrcssion Testes (fic. 12) 


The cylinder compression tests show a marked inecrees 
LaeuicieLe Compression strersth and no@ulbus of elaeticiay 
with inclusion of fibers. «An increase of 19.7.2 in the 
modulus of elasticity and an increase of 24,35 in the 
ultim=2te compression strensth is obtained for inclusion 
of 4.75% (by volume) random fiber reinforcement. The 
mode of failure is quite cifferent between the unreinforced 
eylinders end those containing random fibers (figure 22). 
Whereas the unreinforced cylinders failed ebro tl yegeth 
immediate relaxation of the losd, the fiber reinforced 
cylinders after reaching the feilure load mainteined this 
tesa for an acditional .904 strain (or #022" of detoueise 
before gradually relsxineg the load under increased defor- 
mation. The failure mechenisns for the 4.75, fiber 
reinforced cylincers was the formation of an upset (bulge) 
around the middle. The 2.37. fiber reinforced cylinders 


failed partially by splitting and pertially by upset. 


Es 


The fibers in the case of impact and compression are 


evidently not beings subjected to shear along” the bone 


ox 


interface as in the tension tests, but are being subjecved 
to stresses norm?l to the fiber matrix interface. The 
fibers arc attemptine to hold themietrix to@etiengm a 
direction normal to the fibcr axis, sg. they act %o Dieta: 
Ghe splitting action which 1s the dias lure @aiesot mare 
unrerntorced mortcr seta ndere. 
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The secant modulus for the 4.75» fiber reinforced 
specimens docs not agree exactly with that founc with the 
Gimece tenovom vesus for the sene materi=1. This is to 
be expected because ot the difference in the methods of 
obtaining the respective yield poi:ts. The important 
finding is that in both cases the modulus of el2sticity 
is ineressed over that of the mortar (in tension by 17.9. 
and in the compression by 19.7) by the inclusion of random 
fibers which have an Ke far less oan themineorecical 
@ri tical fy, reouired for cnhancement af ake ponies oni 
the conposite. 

These results also agree in principle with the theory 
of Romuzldi regarding the mechanism for enhancing fracture 


toughress. 


BE. Pilate Bending 
The feilure mode of each plate series ws locel at 
the area of load application. The mesh reinforced speci- 


mens deformed in a mound much 2s a steel vlete would deforn, 


The random fiber vlates deformed in a tent shcpe alongs local 


yield lines (fie. 21, 23). Due to the form of loicing sone 


punchins effect occured -t the surface where the loed wes 


. 
ote 


applied. This menifested itself as a crushing of the morttr 


ny 


out to a .45" radius 2nd to a mean devoth of .058°. this 
crushin®? action commenced unon epniication of the lomd, 
Delamination of the surface thorter dow to this depen occu 


t+ na 


When vitimate plrte bending wes reeciwed which inctleg ier 
66 





miatpeyers portion of the vlata did mot contribute to tHe 


* 


mesistance of lo2d during plete bending. ‘tynieel failed 


\ 


Specimens are show in figure 25. 

Pigure 15 shows the plot of lotd-reflection for each 
plate serics norm2lized on the basit: of the cube of 
equivalent thickness ratio. ‘this figure indicates that 
the random fiber reinforcement increases ultimate bending 
load and deflection. The conbinzetion of random fiber and 


continuous fiber reinforcement in equal proportions yields 


= 


wa 


an even greater increase in bending ultim-te strensth end 
G@etiection as ¥ell as allowing for some resistance to 
membrane stress after ultim-te bendins failure (fig. 17). 
With the vrover conbinition of random fibvers 2nd continuous 


* 


mesn a design point can be reached which will yield the 
Sptinum in e1ther ultimate bending strenzthn or membrane 
effect after bending failure 

The prediction of the membrane effect was not attemnted 
in the finite element analysis. from figure 17 however, it 


me clearly a function of the amount of continuous ii bier 


Feiniorcement in the meterial. The slome of the curves 2179 Ge 
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membrane region are: 


Series: t= BP “eee 5) 51 Sno 
£55 
Serietas = "uae - i795 Vea 


° e e ° ° mn 
This ia a 2:1 rel-tion within exncrinentsl error. “he @xoum: 
Or nesh rein orcemenitoin tice tvo S@€rres 1Smgloo 17) fae 
porportion. Thus, for this tyne of lo7ding condition, aten 
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engineer wishes to design for a specificd membrane 
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mmommeue |ocd 2 direct. relation is indicerzed. 


Returning to figure 16, the proverties deternined in 


properties in the 45° direction and a hisher modulus 
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load deflection curve. The lower viel 


pote 


d 
series © (random fiber) is offset by these improvements, 
Bemacs E sho-s that an ovtimum combination of random fibers 
and continuous mesh that possesses higner ultimate bendin;> 


Woed and str@in cnergy then elther the indiviauel Mech or 


randon fiber reinforced materi2zls is possible. 


F, Finite — iy a Lenr ment analysis 

Figures 18, 19 and 20 show the comparison of experigen— 
tal center point load-deflection to the output or the finite 
element orthotronvic pl=te bending computer vrognanm ceveloged 
by B. whang (29). Anvendix II contsins the signifiennt 
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mput «end output data from the profyam. The thickwess o@ 


se: 


the plates were reduced by the amount of .058" to account 
#or the non-contributory vl-teothickness due to deletes 
of a vrotion of the surf-~ce morter. This value of the 
thickness of the delamineted protion wes determined using 
# Gent) Micromeucr. 

Acreement is very food betveen tha nredicted ena 
exncriment>] losd deflection curve for scrice 2. this 
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Pimiteo. CZocrimcntal date to nredict the pehtevior of 
Merro—ceomens nlates well into the olestic Heading «weeion. 

mae condyGyion of loadin? in this case causes the additional 
Moermiopec Of delanination of surfs=ce unreinforced mortar. 

BG vould be expected thit under a Weitorm plete loading 

good results would 21so0 be obtained without the delaminzrtion 
problem. Agreement is fair for series © and series 4, the 
program predictes greater deflections for the mesh relmiowmced 


C(rexinmum error 19.3”) and snaller deflections for 


o) 


seric 
whe short random fiber reinforced series (maximum error -17.6.2) 
from those obtained exverinentelly. This disn7rity could 
be due to variation of the thickness of the delamineted 
portion of the plates between serics, thus changing the v-=lue 
of the actual contributory ninte thickness. The value .0538" 
represents an averac¢ce over all the plates for the depnth of 
erushing at the load point. the series 4 prediction indi¢cen ce 
a tendency to agree closely with the experinental aat= &s 
> progresses un the lord deflection curve whereas “the Siami@e 
C vrediction diverzes with increasing lord. It would aprear 
Ghat the promram would diverse from exnerinental rcsulvsmee 
Mitimate plate bendins lead is approgeched,s 
The finite clement am 7lysis used here 1S Very Ses 

to the inecremntyl increase in lord for exe 1 temaiion on 
the plestic ranee. Inchewe@nt) lo-ds lese= tien 20 mae 

ach clen¢snt should be used in order to aveid divengence 
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hor any erectangular geometry end loamans cordi. tion wand 
provides for element thickness verietion 2nd curv ture. 
Heesnas been reeently modified by “Henz toeeceent layered 
material properties so thit treatment of = comnosite 
using the individual material proverties is now possible. 
The yield load and maximum lord deflection curve 
yvredicted by homozeneous isotropic plate theory for the 
elastic range is computed for each series in Appendix II1., 
These values are plotted in figures 13, 19 and 20 to show 
Rie V2r2..ati0on from homogeneous isotropic Dikgte theaery oF 


the finite element plot and the experimental results. 
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Based on the exverimental results and their broad 
agreement with theoretical predictions the following 
conclusions regarding the engineering properties of 
ferro-cement may be made: 

a) Short random fibers with 1< 1c enchence compressive 

strength and modulus of elasticity of cement mortar. 

b) Revlacencnt of continuous fiber reinforcenent wit 

short random fibers increzses the elastic nodulus 
but decreases the ultimate and yield tensile 
stresses of ferro-cenent. 

c) Random fibers with 1<le enkance the modulus of 

elasticity and yield stress in the axis 45° to 
the x, Yeeses in mest relntorccd omwne a. 
d) Rendom fibers with 1<le increrse the plastic 
work of defornation in shear and corpression tests. 
e) Imp-ct energy/area is greatly enhanced over that 
of mesh ecinboreed mortar of the same steel con- 
tont by inclusion of short Femdom Tae: 

Bending of ferro-ccment plates for the particuler 
loadin? condition used in this thesis nayebe clag@ly prgee 
ietcrd by the finite element analysis develoved by vhang 
for orthotropic plwtes vrovidins the cbrre@ct prop@ tice of 


the particular typa of fcrro-cament creeueca. In wmencrel 


GO 


une replacencnt of wcontinuousmieshaerciniorcement with 
short random fibers in ferro-cenent plates results in: 
a) increased ultimawe pl7te bendins load. 
b) Decrezsed ultimite plate membrane load, 


c) Ir 


) 


measc in plastic were @ens in defiominzs tHe 
plate. 
The slove of the membrane lozd deflection curve for 2 


4 


Herro-cerkent plane varbes chreculy as theMpercenTreontent 


@ 


by weight ofs@ontinuous) mire reinforcement for Ghespart— 


i | * 


melbar LosGams situation considered inthis «nasi 


in 
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Vit nce TO i Bs. 


ane LolVowin= Arezs need Turther clarifiestion: 

a) Béformrtion of ferro-cemert plates under 
Unione ri Load rns . 

b) The mechanism of fracture when continuous mesh 
‘is used as reinforcement since the measured 
modulus of elssticity did not agree with thet 
of theory. 

c) The mechanism of plete work in the deformrtion of 
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Cube Convressive Tests (Unreinforced mortar) 
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Bmace Bending Tests (Thickness = .486) 
Deflection Surface at Ultinnte Bending Load 
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Exoecrimental results: 
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